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ABSTRACT 


In this dissertation, some general procedures for synthesizing 
filters using only R-C elements, unity-gain amplifiers, and operational 
amplifiers are discussed. Two approaches are taken. In Chapter II, 
second-order voltage transfer functions are realized by various methods 
to yield minumum sensitivity to parameter variations. Theories due 
to Calahan and Horowitz for optimal decomposition of the denominator 
polynomial are applied in the synthesis. The state-variable technique 
is also used to give the optimal result in terms of the number of 
Capacitors used and the spread of element values. Two other methods, 
the Spe rricient matching technique and the simulation of grounded 
inductances, lead to a low-sensitivity result with only three active 
elements. Transistor circuits are introduced to construct the unity- 
gain amplifiers. Experimental circuits using state-variable techniques 
and grounded-inductance simulation are constructed and tested. Practical 
results indicate a close relationship with the theory. 

A different approach is taken for synthesis in Chapters III and 
IV. A high-order function is realized directly in one section. Opera- 
tional amplifiers are employed to realize the negative immittance 
inverters which are used to replace the floating inductors in the 
filter configurations derived by conventional design. A sixth-order 
Chebyshev low-pass filter and a twelfth-order Butterworth band-pass 
filter are built with favorable results. A band-stop filter of the 
Cauer type with sharp frequency cutoff is designed in Chapter IV. All 


practical high-order filter circuits in these two chapters are also 
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tested with respect to temperature variations. Measured data indicate 


that the performance of these filters does not change significantly. 
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CHAPTER I 
INTRODUCTION 


1.1 BACKGROUND 

In conventional filter design the non-ideal characteristics 
of inductors result in a degradation of the filter performance. Many 
early attempts were made to overcome the problems associated with in- 
ductors by using R-C active filters with vacuum tubes originally used 
as the active elements. Cost, power consumption, size, weight among 
many factors were obstacles that limited the practical use of such 
filters. The invention of the transistor in 1948 helped to overcome 
some of these problems. The further development in manufacturing 
technology led to the availability of integrated-circuit operational 
amplifiers which are now widely used as the active element. The 
advancement in the performance of available active circuit elements 
has been paralleled by research in synthesis techniques that can be 
used for the construction of R-C active filters. 

Many of the problems inherent to active filter design such as 
sensitivity and stability have been overcome. It is now both eco- 
nomical and practical in many applications to replace conventional 
filters by their active counterparts. As better active elements are 
developed the areas where active filters can be used to replace 
conventional filters will increase. 

The advantages of active filters over conventional filters are 
multifold. Weight and space requirements are reduced. The output 


impedance of the amplifiers used as the active device is usually 
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low and thus the load impedance does not become a condition which 
must be satisfied in the design of the filter. Buffer amplifiers are 
not normally required, and insertion gain is possible without the 

use of additional amplifiers. Filters can be designed with a high 
input impedance and the source impedance is no longer a factor that 
must be considered. 

The R-C active filter is not without disadvantages. The 
active elements require a power supply and power dissipation is 
greater than that in a passive structure. Resistors and capacitors 
are limited to moderate values. Performance of the active components 
limits the practical use of active filters to the audio range oF 
frequencies. Stability and sensitivity are two serious problems; 
however, with avopar design they can be brought under control. The 
dynamic range of the active filter is another. limitation and moreover 
the active elements add additional noise to any system. 

In practice, active filters are found most useful in the low 
frequency range where large inductances are usually required in the 
conventional filter design. Large-value inductors are difficult to 
manufacture, Pee expensive and poor in quality. It is not just an 
alternative to use active design in the low frequency range but a 
necessity, especially for filters with a sharp-cutoff frequency 
characteristic. The following two examples will demonstrate the 
problems associated with inductors used in a conventional design. 
Example 1: 


Design objectives: Low-pass filter, Cauer type, third- 
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order, pass-band ripple of 1.25 db, minumum attenuation is 31.3 db 
and it occurs at the normalized radian frequency of 1.7434. 


Conventional design of such a filter is given in Fig. (1.1). 


07771 


Figure (1.1) Third-order Cauer low-pass filter. 
A family of normalized frequency response curves are shown in 
Fig. (1.2) and Fig. (1.3) where the quality factor for the inductor 
(Q, = wyl/r) is given as curve parameter (w, = 1 in normalized 
value, r = internal resistance). 
As the quality factor decreases the response curves deviate 
from the desired value and the transition region especially shows a 
marked deviation from the desired curve. In addition, the insertion 
loss is increased in the pass-band. It is, therefore, estimated that 


for Q, < 3.0 approximately, the response deviates too much from the 


ideal case to be practically useful. 
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Figure (1.3) Frequency response of the filter given in Fig. (1.1) 


in the transition region. 
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Example 2: 

Design objectives: low-pass filter, Cauer's type, fifth-order, 
pass-band ripple is 0.18 db, minimum attenuation is 61.43 db and it 
occurs at the normalized radian frequency of 2.0. 


R-L-C filter by conventional design is given in Fig. (1.4). 


1-27091 1-13196 
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Figure (1.4) Fifth-order eater low-pass filter. 

For convenience, all inductors in the circuit as assumed to have 
the same quality factor. 

Agatn,; Fig. (1.5) and Fig. (1.6). indicate that for Oe a Sg 
approximately, the filter has too poor aresponse to be practically 
acceptable. It is estimated that inductors of even better quality 
are required for more severe conditions. 

From these two examples, one can see that the low quality factor 
of inductors at low-frequency ranges causes very poor filter performance. 


That is why active inductorless filters are necessary in situations like 


these. 
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Figure (1.6) Frequency response of the filter given in Fig. (1.4) 


in the transition region. 
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There are many approaches used to synthesize R-C active net- 
works, and the methods presented in this thesis can either be classi- 
fied as the synthesis of basic second-order sections which are 
cascaded to form higher sections,or the direct synthesis where the 
passive structure is replaced by an equivalent circuit. Within this 
somewhat narrowed field, the following brief survey of the literature 
is selected to give representative approaches, since the contributions 
over the years have become too numerous to be listed completely. The 
references are listed in chronological order so a to give a broad 
overview of the directions and trends that have developed. 

In 1955, Sallen and Key [1] published some twenty-five circuits 
for realizing various types of second-order voltage transfer functions 
using R-C passive elements and active amplifiers. In many cases, the 
active elements were simple cathode-followers with stable gain, high 
input impedance, low output impedance, and large dynamic range. Two 
experimental circuits using vacuum-tubes were constructed and tested. 
These filters operated well in the low frequency range below 30 Hz 
where the dissipation factors of available inductors were too large 
to permit the practical design of conventional filters. This paper 
is considered one of the significant contributions and some of their 
circuits are still in use. Hakim [2] proposed a new synthesis tech- 
nique for low-pass filters which involved a voltage amplifier with a 
gain of two. The root sensitivity to parameter variations was mini- 
mized using the optimum decomposition of the denominator polynomial. 


Transistor circuits were used to realize the voltage and current 
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amplifiers. 

In 1966, a sixth-order band-pass active filter with independent 
adjustment of poles and jw axis zeros was proposed by Kerwin and Huels- 
man [3]. Three second-order filters were cascaded together. A low- 
gain amplifier was used in each section in which the output signal was 
fedback through a properly designed two-port R-C network. 

One year later, Riordan [4] advanced a novel and effective method 
for synthesizing a grounded inductor using two operational amplifiers. 
High inductances and quality factors at low frequency were made possible. 
Grounded inductors in conventional filter design are simply replaced by 
the active realization. This circuit was found very useful in many later 
applications in active filter design. In the same year, Deboo [5] also 
reported a three-operational-amplifier design to realize a floating in- 
ductor by a gyrator circuit. An experimental third-order, low-pass, 
Cauer filter was constructed accordingly. The analog simulation of a 
second-order voltage transfer function had been well-known. However, 
Kerwin, Huelsman and Newcomb [6] formally published their result using 
state-variable synthesis for insensitive integrated circuit transfer 
functions. For second-order functions three operational amplifiers 
were used. In the same circuit, band-pass, low-pass and high-pass 
functions with the same denominator could be realized. The main ad- 
vantages were very low sensitivity with respect to parameter changes, 
and independent adjustments of center frequency and quality factor. No 
more than the canonic number of capacitors (two) was required. The 


versatility and high performance of this design is the main reason why 
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commercially available active filters in the past few years have been 
based on this synthesis technique. 

The idea was initiated by Bruton in 1968 [7] that a frequency- 
dependent negative resistor could be realized by positive-impedance- 
convertor-type networks. The concept was used to synthesize new types 
of inductorless selective networks. This work started a new trend of 
design ideas in later years. Geffe [8] introduced what was called a 
resonator which was realized by two operational amplifiers using the 
dual-integrator concept. One circuit was taken from Sallen and Key's 
catalogue and its usefulness was extended by active Q multiplication. 
Hilberman and Joseph [9] dealt with analysis and synthesis of admittance 
matrices of R-L-C and active common-ground networks. The concept was 
further extended by Hilberman [10] in realizing rational transfer and 
admittance matrices with unity-gain voltage amplifiers. However, the 
common terminal of the amplifiers was not necessarily connected to 
ground. 

Holmes and Heinlein in 1969 [11] reported some capacitor-loaded 
semi-floating gyrator circuits for realizing sharp-cutoff low-pass 
filters. Temperature independence was tested and found to be satisfactory 
over a wide range. The theory of realizing gyrators with floating ports, 
gyrator Q-enhance, and component tolerances in filters was also discussed. 
Bruton [12] further developed his own ideas of using frequency-dependent 
negative resistance to realize the elliptic ladder low-pass filters. A 
two operational amplifier circuit was introduced to realize this active 


component. Tow [13] reported a new approach of active filter design by 
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following the déadrabed five-step process. Design methods using single- 
loop feedback or multi-loop feedback approach were critically examined 
by Mitra [14] with particular emphasis on sensitivity and construction 
problems. Soderstrand and Mitra [15] proposed a low-sensitivity second- 
order structure which had the minimum number of capacitors. Capacitor 
values were inversely proportional to the system Q. 

In 1970, Moschytz [16] made a thorough study of the network 
characteristics of a nonideal operational amplifier which was used in 
most linear active filter synthesis. Cheung [17] advanced a new synthe- 
Sis procedure using only unity-gain controlled-sources. The denominator 
could be decomposed in two ways: one with prescribed pole sensitivity, 
the other by Calahan's RC-RL decomposition. Moschytz [18] reported a 
versatile design approach by decomposing a given second-order function 
into a low-Q approximation of this function in cascade with an active 
frequency emphasizing network. Generalized immittance converters were 
used by Antoniou [19] to yield low-sensitivity for synthesis. A direct 
synthesis approach was taken to realize an eigth-order Butterworth 
transfer function. A circuit with a Q-invariant property obtained by 
optimizing the tans of amplifiers was published by Geffe [20]. However, 
the center ene and band-width could still shift. The re- 
search reported by Orchard and Sheahan [21] made intensive use of 
Riordan's gyrator. Several experimental high-order band-pass filters 
were made to meet the severe requirements of telephone channel filters. 
Inigo [22] presented a circuit realizing a band-elimination second-order 


filter using a finite-gain voltage amplifier. Tarmy and Ghausi [23] 
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reported a second-order filter which was capable of very high-Q results 
by using differential-input differential-output finite gain amplifiers. 
Stable Q's up to about five thousand were obtained. Moschytz [24] 

found that proper selection of pole-zero pairs for the second-order 
realization of prescribed Nth-order network yielded minimum sensitivity. 

The idea of using frequency dependent negative-resistance elements 
as the active devices was further extended by Antoniou [25] in 1971. for 
the synthesis of elliptic band-pass functions. Thomas [26] presented a 
new kind of active element called the biquad by using operational ampli- 
fiers. A compensation technique was derived to allow high-Q operation 
at several hundred kilohertz with high signal capacity and wide dynamic 
range. 

In 1972, some new configurations for realizing second-order func- 
tions were introduced by Hamilton and Sedra [27]. The method was based 
on pole-zero cancellation of a twin-T network. Two operational amplifiers 
were used in the filter for a Q of about five hundred. Sensitivity of 
active-cascade and inductance-simulation schemes was compared in a paper 
by Holt and Lee [28]. Analytical results indicated that doubly terminated 
LC filters realized with simulated inductances had a limited improvement 
in sensitivity as compared with filters realized with a cascade of second- 
order active sections. Apart from all previously mentioned design methods 
using only linear active elements Bruton [29] recently reported some 
interesting results of using the analog multiplier as the basic nonlinear 
active element in the realization of an elliptic, high-order, low-pass 


function with tunable cutoff frequency. Realizations were simulated by 
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means of impedance scaling networks. A survey on the practical and 
economical aspects of active filters was made by Mattera [30]. Filter 
realizations by various methods were presented by Cheng and Stromsmoe 


[31] using current and voltage grounded unity-gain amplifiers. 
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1.2 SCOPE OF THE THESTS 

This thesis deals with the synthesis of linear, lumped filters 
by passive R-C and linear active components only. Band-pass and band- 
stop filters are the main design objectives as they are usually more 
difficult to realize. Techniques are developed for filters to be used 
in the audio frequency range. Operation of such filters in a higher 
frequency range is limited by the design methods and performance of 
active devices. Furthermore, relative lower costs and satisfactory 
performance of passive R-L-C filters do not justify the use of their 
active counterparts [30]. Practical filters constructed in this 
dissertation do not require the use of high-performance operational 
amplifiers. 

Six new methods discussed in Chapter II for realizing second- 
erdet functions are directly applicable to realizing polynomial filters 
such as those of Butterworth, Gaussian response, and Legendre response. 

High-order polynomial filters realizable by a Hae direct synthesis 
technique are reported in Chapter III. 

In Chapter IV, the Cauer band-stop filters are synthesized by a 
novel method which requires only a small number of active components. 
High-order direct synthesis is also possible in this case. 

Experimental circuits based on the proposed design techniques are 
constructed and tested in most cases. Temperature effects on the per- 
formance of the filters are observed for several cases within the range of 
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CHAPTER II 


SYNTHESIS OF INTEGRABLE SECOND-ORDER HIGH-Q FILTERS AND GROUNDED 
DRIVING-POINT ADMITTANCES USING GROUNDED UNITY-GAIN AMPLIFIERS 


2.1 BACKGROUND 

Since high-order high-Q voltage transfer functions whether they 
be of Butterworth, Chebyshev, Cauer or other type can be broken down 
into those consisting of at most second-order functions, it is natural 
that one approach to realize all the poles and zeros of such a high- 
order function is to synthesize each complex pole-pair in second-order 
sub-functions. Cascading all the sub-sections (first-order functions 
for real poles), a very complex filter of high order can be synthesized. 
It is an easier problem because there are fewer variables to control. In 
addition, in many cases, the location of the complex pole-pair can easily 
be controlled just by changing some resistances which tune the filter in | 
terms of center frequency we and quality factor Q. In fact, most of the 
earlier work in this field has taken this approach instead of realizing 
the complex transfer function as a whole. 

The most serious problem is that of sensitivity. It is not un- 
common to find second-order filters to have a very high coefficient 
sensitivity of the denominator polynomial. Some are in the order of Q 
itself or even Q°. In other words, one percent change in component 
values which may be due to component tolerances will give rise to 100% 
or even 10000% change in the coefficients for a given Q of one hundred. 


The location of poles will be altered roughly by the same order. 
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Temperature effects due to environmental changes and aging will also 
play an important role in slightly varying the characteristics of all 
the passive and active components. Thus, it is impossible to put such 
highly sensitive filters into practical use. High sensitivity appears 
often as a result of having two terms subtracting in the denominator 
polynomial. In other words, the result of subtraction of two very 
close and large numbers is a very sensitive one. It is mainly this 
reason that makes the design of a high-Q second-order filter difficult. 

Various kinds of active device, such as controlled sources, 
negative values of resistance, saduekange and capacitance, generalized 
immittance converters, gyrators, etc., have been used in the design 
£45] .049].,£50],(51]. A unique kind of low-gain amplifier, the voltage 
and current unity-gain amplifiers (VUGA's and CUGA's) have become 
popular as the active element for synthesis [9],(10],(32],(33], 
[34] ,£35],0361,[47]. It has been found that the unity-gain amplifier 
is just as powerful as other commonly used active devices in many 
respects. Although it is considered as an amplifier, its isolating 
property is much more important than its amplifying property. Some 
of the many nreaiieal advantages for using such an element as the 
active device are simple construction, low cost, and high frequency 
response. In addition, using operational amplifiers, voltage unity 
gain amplifiers can be constructed with a highly stable gain. 

By properly arranging the admittances at the output and in- 
put of the unity-gain amplifiers and the various amplifier sections, 
several methods are proposed to overcome the problem of sensitivity. 
Experimentally measured data from some hardware implementations 


constructed according to theory prove to be suitable for high Q 
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and very high Q requirements. 


2.2 IDFAL MODFLS OF GROUNDED UNITY-GAIN AMPLIFIERS (GUGA'S) 

One can define two kinds of UGA's: the non-inverting and 
inverting VUGA's and the CUGA. Their ideal models are defined in 
Fig. (2.1). Referring to Fig. (2.1a), an ideal non-inverting VUGA 
is shown as a voltage controlled-voltage source amplifier having 
a gain (K) of unity with infinite input impedance and output ad- 
mittance. An ideal inverting VUGA, as shown in Fig. (2.1b), differs 
only in the sign of the gain. Figure (2.1c) defines an ideal CUGA 
which is a current controlled-current source amplifier with current 
gain (I,/1,) of negative unity and infinite output impedance and 
input admittance. Note that the input and output voltages of these 
amplifiers are at a common ground. 

The actual devices may deviate from the corresponding ideal 
models by having finite input and output impedances and a gain 
slightly different from unity. Practical UGA's have been built 
successfully [32],035],£371],[48]. Aiternatively, one may choose 
a one-transistor arrangement in a common-collector (emitter-follower) , 
bootstrapping fashion, for the non-inverting GVUGA [38]. The 
GCUGA can be built to good approximation by using the superalpha 


Darlington configuration [39]. 


2.3 ACTIVE RC FILTER SYNTHESIS 
R-C filters using GUGA's are realized by the following four 


methods: Calahan's [40],[41] and Horowitz's [42] ,[43] optimal decom- 
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Figure (2.1) Ideal models of UGA's: (a) a non-inverting GVUGA, 


(b) an inverting GVUGA, (c) a GCUGA. 
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position of a given polynomial, state-variable and coefficient- 
matching techniques. It is well known that transfer functions of 
higher orders are better realized by cascading sections of, at most, 
second-order functions to obtain a lower sensitivity. For this 
reason, only the important case of realizing second-order voltage 
transfer functions is discussed. The first-order case, being obvious, 


is not treated. 


2.3.1 Calahan RC-RL Decomposition 


Consider the configuration in Fig. (2.2). The voltage transfer 


function is given by 


iw Vo (2.1) 
V 
Wie eae all Viet ai artis, 


where a = Kj}23y4 = Ki, KoK3K, and P is the complex frequency. 


NETWORK A 


Figure (2.2) General configuration for Calahan RC-RL decomposition. 
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For an arbitrary poloriomial Q(p) one can write 


re N(P)/Q(P) ae 
V  D(p)/Q(z) 
To apply Calahan's technique for optimal decomposition of 
the denominator polonomial one must express D(p)/Q(p) as a sum of 


driving point RC and RL admittances. If one takes 


Y= G5 = 1 and Yo. = Gans 


PF ih C C 
then 
D(p 1 
rye heat i213) 
Lye aaa 


and the denominator has the required form. 


For the case of a second-order system . has the form 


N(p) N(p) 
a a one ee (2.4) 
Daa Malye oO, poet epee | 
where c = damping ratio (, < 1), and the natural frequency 4 has 
n 
been normalized to unity. A convenient choice for Q(p) that satisfies 


Calahan's decomposition requirements is 


Q(P) Ske + GC? (2.5) 
so that 
N(p) N(p) 
a ae a | Sai 
= ite = — (2.6) 
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Comparing (2.7) and (2.3), Y, and Y, can be specified as 


follows: 
pee = GA + IChP , (2.8) 
Pate 
os eee Gp + CP. provided a= 1.0 . (2.9) 
PNG ee 


Using (2.8), (2.9). and (2.1) 


Pee ee 
BR D°D DD ae St SORE, 
where 
Sp = 1/Cps, Go= 1/R,, Spe= 1/Ce and G, = 1/R, 
Investigation of the sensitivity of the denominator can be 
carried out by means of the sensitivity matrix [44], (451 . It relates 


the normalized sensitivity of the coefficients b,, b> to all the 
normalized parameter variations in the circuit. The sensitivity 
matrix is computed in the following. One first (‘defines a row 


vector of all the normalized parameter variations as 


Pn) hy CN) Aen). eG aay Cae CH) ne COD G Aen) Che oCh) 
atn X=A GA SA GA SpA GA GA KA KA KA K 


In matrix form, one can express the sensitivity matrix as 
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where 
A(™p 
(n) (ny 
fae Dee A‘"’ X = transpose of a(")x, 
AC)p 
54 2 0 0 y 0 : : 
ght .b2- ; (2.12) 
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Be eee Cee) aCe) ey ie) 


The normalized Q sensitivity, Sy , with respect to any parameter 


variation is defined by 


0 ee (2.13) 
Shy ptd Toning 
From (2.11) and (2.12) one obtains 
L 
MG = Sen 
where 
iseMl-0- B1-e e wiee? =? 
S2=-4(1- =o - 0 Wee ) 0 FF - eC ) -@7") 
| 2 2 2 2 2 oe! 
(2.14) 


From (2.12) and (2.14) one can see that all expressions for the sen- 
sitivity coefficients are independent of the element values, and low 


for high-Q values. Thus high-Q bandpass filters are realizable. 


23 


i 


yotamsyYaq vis dt tosqzay Atiw 


(€1.S) 


i ii 


32 — 10h » soir Ne 6) lt 52 ng a 


a 
io Tule 

a 
b » 

Pe yee ‘ Y 

i Sa es ame 

F ee : { 

. ak RTD Pe 

ie 


24 


The spread of element values is defined as the ratio of two elements 
of the same kind of extremal values. The spreads of resistance (S,) 
and capacitance (S,) are found to be 


toes 20) (for high 0) ., 


Sp 


So = U/(1-c*) = 1.0 (for high Q) 


For a given voltage transfer function, 


V5 HP 
UA LSS Ial omend a Mr=rerermm Tma Dhaet csi ii be anand po 
Va oN, 2+ ant 
the bandpass filter is realized in Fig. (2.3). Synthesis of other 
types of filters follow the same procedure with changes only in the 


realizations of Network A as summarized in the table. With other 


choices of the factor Q(P) different realizations would be possible. 


Role 


RC NETWORK A 


DL aesirem| 
V; | 


Figure (2.3) Bandpass filter by Calahan RC-RL decomposition. 
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TRANSFER FUNCTION NETWORK A 


H(p*- 20 p+) 


a hoor phos 
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Table (2.1) Realizing various Y 
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2.3.2 Synthesis Of Horowitz RC-NIC Decomposition 


If sensitivity requirement is not severe, a configuration 
with basically only two GUGA's is found suitable for realizing fil- 
ters with application of Horowitz RC-NIC minimum-sensitivity decom- 
position of the denominator polynomial. 


Consider the configuration in Fig. (2.4). Straightforward 


analysis yields 


Oe PE eh te et (2-15) 


Figure (2.4) General configuration for Horowitz RC-NIC decomposition. 
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Again making a simple choice for Q(P) let 


Op parr tai (Gl. x 0) 
such that 


_N(P)/Q(P) 


fo nese ee 
Y D(P)/Q(P) 

According to Horowitz for the second-order case, minmum sensitivity 

will result if D(P)/Q(P) is expressed as the difference of two RC 


driving-point admittances. Thus for the Q(P) selected, 


Equation (2.15) becomes 


“Ky oYouaSclP + GpSp) 


CO 

Vs pp? 4.B(GS + GoSo - KyoGpSc) + GoG,S,S, 
where 
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To realize a given voltage transfer function of the form 


V> N(P) N(P) N(P) 
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By Horowitz's theory, with Q(P) =Pp+1=pt Gee pet se 


N(P) N(P) 
P+i1 P-+1 

ty mre) 

p2 + 2cp +1 PAN cae 
P+ (P +1) - — 
Pave! 
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Q(P) p+1 


Comparing (2.15) and (2.16) 


Yo raPrtoly, i =) LE > 


where the nominal value of ae = 1,0. 1S. .as sumed. 


From (2.17) one has 


Gaetan aC = br eG a OC Ibe ree Cae (1 sen) 
CG C D D 


The normalized sensitivity matrix is computed as 
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n) 


My = CMe CMs CMa CMs ACME AM, 
ae Sriner + 1.0 or zen 


The maximum sensitivity coefficient is 
1,b2 b1 A 
max ie »b ets KK = Ayr ares (tor Bagh 0) 


Therefore, the configuration yields much higher sensitivity when com- 
pared to the previous one. Consequently, filters so designed are 
Suitable for moderate or low Q-values. The Q-sensitivity can be readily 
obtained by using (2.9). Spread of resistance and capacitance is low; 


S = Si = 2(1 -c). A general configuration is shown in Fig. (2.5). 


; Ry = 1/2(1-f) 


NETWORK A 


Figure (2.5) General filter realization by Horowitz RC-NIC decomposition. 


2.3.3 Synthesis Of RC Filters By State-Variable Technique 


State-variable technique has proven very effective for realizing 


low-sensitivity filters using operational amplifiers [6]. The main idea 
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lies in the fact that realization of voltage transfer functions by 


this technique yields coefficients (b,, b,) containing only product 


1.2 ») 


(or division) expressions of parameters concerned. Thus the sensitivity 
coefficient is either + 1.0 or zero [45]. This method is easily appli- 
cable and general in nature. Devices eas perform the two basic’ func- 
tions necessary in state variable technique are shown in Figs. (2.6) and 


(2.7). tReferring: to-Fig.” (2.6)-, 
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Figure (2.6) A summing device. 
A summing device is formed with gains independently adjusted by various 


admittances. Figure (2.7) indicates a pure integrator 
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Figure (2.7) An integrating device. 


The two functions can be combined as shown in the configuration of 
Fig. (2.8). The various types of filters at different locations of 


Fig. (2.8) can be computed as 


ee te euler Ry 
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which is a high-pass voltage transfer function; 
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which is a bandpass voltage transfer function; 
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which is an all-pass voltage transfer function. 


The normalized sensitivity matrix of coefficients (b,, b.) of the 


denominator can be given by inspection as 
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where 


Ce eee mes SOR AC A aR AK 
5 pained {il NED a BOA we tlh eda tila 
All sensitivity coefficients are independent of Q and element values. 
Sensitivity can be further reduced by properly arranging the tempera- 
ture coefficients of all active and passive elements as indicated by 
the above two matrices. As it is shown in Fig. (2.8), in order to 
realize a high-Q bandpass filter, six active UGA's, six resistors and 
only two capacitors are used. Usually, in integrated circuits, capa- 
citors are the more critical elements compared to transistors and 
resistors. Besides one can get rid of amplifiers K,> Ke, K, provided 
Ro» Re» Rg >> 1/CiP, Rg >> 1/C,p and Ro >> R,, in the frequency range 
of interest. Element values can be conveniently chosen to satisfy 
Ry, Ry 


and b> = ——______ = 1.0 


Die ees 


Hence, resistors can be used advantageously to tune each section, and the 
spread of resistance and capacitance is low. Sometimes, in order to 
account for biasing resistance at the output of each GCUGA, it is 
convenient to realize the filter by blocks of transfer functions of 

1/(p +1) (11 > 0) types instead of those of pure integrators, 1/P. 

This is easily done for the case of low-pass filters. However, in 

view of Fig. (2.9), the pure integrator can be replaced by one with 


transfer function of 1/(p + um) as illustrated in the following: 
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Ret Ar oY 7G Yo = G+ Cp 3; the above equation then becomes 


V5 : G' 


Vo Cp 


Any finite output impedance of the GCUGA and finite input impedance 


of the following GVUGA can also be easily absorbed into Yo in Fig. (229). 


Figure (2.9) Configuration to account for biasing resistance. 


2.3.4 Synthesis Of RC Active Filters By Coefficient-Matching Technique 


Consider the configuration shown in Fig. (2.10). Analysis gives 


mee Vo ‘i Kio3 Yn Yr 
='t =s- 4% ; 
Me YAY + iMesh # Kioa'a Ye (7ut8) 
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Figure (2.10) Configuration realizing filters by coefficient- 


matching technique. 
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where 


ON iy cere cn he) (n) (n) (n) (n) (n) (n) (n) 

ANN ’X = A G, A Gn. A G., A Sy A Sp A K A K., A K, ‘ 

ga ee 2 a Ne a AS ag 8 Va 
Again, sensitivity coefficients are all independent of Q and element 
values. If we assume Ys = Gi a bandpass filter results. Its element 
values are given by GS = b> GS, = H, GS, = 1/b,. Spread of 
resistance and capacitance is low, Sp = Sa = Q. If the resistors 
and capacitors are replaced by each other, a new bandpass filter is ob- 


tained. Choosing i = CAP would lead to a high-pass realization. 


Element values are given as before except CS, =H. If one chooses 
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A low-pass filter is realized with element values determined by GS - b> 

Gro iy. AG Gis 8 =H. Again may |S oc) * 1.0, 1S. 54 = 0. 
Hence, a high-quality bandpass filter is realizable by this method with 

only three active UGA's, two capacitors, three resistors, and the spread 

of element values is reasonably low. Alternatively, if one gets rid 

of amplifier K, and inserts an inverting GVUGA between Y,, and Y, in 

Fig. (2.10), one has correspondingly parallel results for all three 

kinds of filters. However, in this case, one more GVUGA is needed 


at the output terminal for isolation purposes if cascading of several 


sections is desired. 


Pi fo, Ae: 2m, 


ta eee are OR Ne ae erie nes Ae ‘ 


- be 


es 


ayoderesy and +7 0 : ue = i See 1989 


40 beo4de) : at ae Be 


do 2f rest eesgoned won 6 edto Hoes ve byostaar ane ro ten 
ottastl ray ‘zeao-eth 6 og Beal bfuow 4,9 en AY enbeooi 
sezoons ond 41 LH a? ‘ Syaon0 2iohed 25 + ie ae mt 


26H 80 ae 


see ; oA " — = 3 hy i Me 
atoeataeg i 3 ae a ae a | 


=: itty sen sin ios 


ove steep Ws shies td. al xs ‘bee wae a 


Ey’? af a xd sn tsb sath, at 


> c 


gh tay barton. atad a sidasitosy. et wei FY, ‘aside sup 
bande ‘attbns rdrodzbesy, aay, 21097 969 ond: ein tiie, oon ving 
bity aise sno. tt exlovesentgarh wo vldgnoess et zouley Sasing te 

nt st bos sia ingoutad nana, ‘pnt ifs: aineent Bia rie woth gms 
eoaritt Ftp mot ‘eatin, fof Tene vi pnibnogzerios an ano, (O88) or 


Babson at nave oom, ‘no ee a or svoWoH ena ” att 
uit , a 
borane to ontbsge> +t Feo, soigstoet x0 * 


: ns 


ap i | : 
. tae Bast Pea 
) 4 | : Pi: i : van - _ , ) ‘ Men 
a i) —a Came, ; pine Ther 
ae a Ao’ oe Lea ae it wk hd At aa 


my ve ee fon ee 


2.4 SYNTH"@SIS OF CROUNDI'D DRIVING-POINT ADMITTANCE FUNCTIONS 

By a simple and basic configuration one can relate the synthesis 
of a grounded driving-point admittance to that of a voltage transfer 
function. Since any voltage transfer function of a ratio of real- 
rational polynomials can be realized vie high accuracy by using state- 
variable techniques as illustrated previously, any grounded driving- 
point admittance of the same nature is readily obtained. Consider the 
configuration as shown in Fig. (2.11) £91, £10]. The input admittance 
is given by Ye = Lavy a Y(t © t,). (2.19) 


Figure (2.11) Synthesis of grounded driving-point admittance from 


t tee = V Mele 


Therefore, for any specified Na one has only to realize the corres- 
ponding tL by assuming a convenient Y. The restriction in Hilberman's 
case [10] that the UGA's must not be grounded is relaxed here as shown 
in Fig. (2.11). (Only one kind of UGA's, the non-inverting VUGA, is 
used in his case.) Furthermore, in order to realize the driving-point 


admittance of a ratio of real-rational polynomials by his method, one 
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has to realize the voltage transfer function as a ratio of two driving- 
point admittances first, ty = Y'/Y" [10] where Y' and Y" are realized 
respectively by a sum of parallel-connected driving-point admittances, 
and then to go through the procedure in Fig. (2.11), viz. Yi,=¥(1 - ty). 
This obviously requires an excessive number of both active and passive 
elements. An example will demonstrate the simplicity and ease of 
applying the state-variable technique to realize a grounded driving- 
point admittance as the following: 

Suppose one is given for realization Yi 5 (Ape = 5) /(4pe 13), 


For convenience, let Y = 1.0. From (2.19), te ae = 2/(4P2 - 3). 


The required ¥.— iegredl ized ip Figs (212) 


Figure (2.12) Realization of Y,_ = (4p* - 5)/(4p* - 3) by ty = 2/(4p? - 3) 


and Y= 1. 


2.4.1 Realizing A Grounded Inductance 
This has been treated using UGA's [9], [46]. Simulation of a 


grounded inductance in this dissertation is a special case of the method 
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just discussed. Consider the configuration shown in Fig. (2.13). The 


input admittance is calculated as 


ae tise’, Kio3usR3 
n 
De BR oa CyB Rye 


Vy Rs 


Figure (2.13) Simulation of a grounded inductance. 


which gives the admittance function of a pure inductor when the real 
term is set to vanish. In other words, the element values must satisfy 
R, = Ri» R,/(C, RRR.) = 1/L (L: desired value in henrys); then Mae 

= 1/LP. Sensitivity analysis indicates that in order to have accurate 
results, R, should be made as large as possible. It is, therefore, a 
question of a compromise between accuracy of the simulated inductance 
and spread of element values or a matter of high-frequency accuracy 


against the value of inductance desired (the higher the inductance, 


the more critical the realization would be in terms of frequency 
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response and spread of element values). 


2.4.2 Realizing Grounded One-Port Negative R-L-C 


The ae shown in Fig. (2.14) has the driving-point admittance 
G. 
of Y. =-—Y (2.20) where Wig Vt Vea 
Yp i 


Figure (2.14) Simulation of grounded one-port negative R-L-C. 


Equation (2.20) indicates that from Fig. (2.14) one can realize grounded 
One-port negative values of R-L-C by properly arranging various admittances 
1 


concerned. ))ifvone chooses Vo = \ = 20." then.) = -—— and YA =e Yes 
| YB 
furthermore, letting YR = Gp, one then has a negative resistance at the 


input R,| = - G, where vi Si aman! Ri Gene Ik 


If one chooses Yo = Y3? Dears then: Vem (Ge where: on 1 = 2Yp - 


Similarly, supposing Y , = as 1.0 and Y, = CRP; one has a negative in- 


ductance given by YE = -— where Y) =] + CP ; 
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2.5 SYNTHESIS OF THF SFECOND-ORDER BAND-PASS FILTER FROM A PASSIVE 
CONFIGURATION 
With reference to the passive configuration in Fig. (2.15), one 


has for the voltage transfer function 


V P/C,R 
out # xX X (2.21) 


Z 
Min (2. 2H? bieeAGyRy + 1/C 1, 


Equation (2.21) is the transfer function of a second-order, Butterworth, 


band-pass filter which will be realized by inductorless design. 


Vin Ry Vout 


Figure (2.15) A passive Butterworth second-order band-pass filter. 


One can first simulate the parallel-connected pair Ly and Cy by using 


UGA's as shown in Fig. (2.16). 


Figure (2.16) Simulation of Ly and C, in parallel. 
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Figure (2.16) yields 


V vey I Yavay, 
2 
— = k12345 +3 tote 


(2.22) 


 Gaen 
and TMi ecole + Kyoauc 
V4 


Choosing Y, = CoP, Yy = Cyp, Yo = CoP, i Wan ee 


equation (2.22) becomes 


which is the admittance of a parallel combination of an inductor and 


a capacitor. One can, therefore, assign 


CoC 
Ai 
oes a ce me 


Ki o3us CoG, G, 


To complete the design, as shown in Fig. (2.17), one can take the sig- 
nal right after the first amplifier (K,) as the actual output of the 


filter for the purpose of cascading with the following sections. 


Figure (2.17) An active second-order Butterworth band-pass filter. 
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From Fig. (2.17), the voltage transfer function is given as 


V K,P/C_R 

out _ ‘sale (2.23) 
= : 

es iia P/C.R, - Ko3us G G/CC, 


Equation (2.23) indicates that this circuit has a low-sensitivity result 
as the normalized coefficient sensitivities of the denominator poly- 
nomial with respect to all the passive elements and gains of amplifiers 
are unity in absolute value. Letting C,, = C,, = C. = G = G, ee Chase 

= Q, one has for the spread of element values S, = 1, Sp = Q 


RY 
which are as low as those by the state-variable design in (2.24). Thus, 
high-Q realization is possible. The center frequency and quality factor 
are also independently adjustable. 

Comparing with the method of design using Calahan's optimal 
decomposition of the denominator polynomial in Rectan (2:31) aconesndes.< 
in this case, to use one more unity-gain amplifier, but the advantages 
are: smaller oo the possibility of independent adjustment of Q and Wo 


and no cancellation of the unwanted zero. Also, in Fig. (2.17) the sig- 


nal after amplifier (K.) has a low-pass frequency characteristic. 


2.6 @FXPERIMENTAL CIRCUITS FOR SYNTHESIZING SECOND-ORDER BAND-PASS FILTFRS 
Of all the methods proposed so far using only UGA's, the state- 

variable technique is chosen to be implemented in practice. Better ex- 

perimental results are measured on circuits designed via the method of 


Section (2.5) by using the CUGA and operational amplifiers in combination. 
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2.6.1 Transistor Circuitry Using State-Variable Technique 


Figure (2.18) shows a complete schematic diagram of a second-order, 
Butterworth, band-pass, active filter designed according to the 
State-variable technique using discrete components only. It realizes 
a band-pass filter with a Q of 30 at a centre frequency of Wy = 10°rad/sec 
(S, = 15.9 KHz). The fact that both positive and negative supply voltages 
of fifteen volts are used and the way the circuit is laid out enables 
direct-coupling between successive stages. Resistors are of + 5%, capacitors 
+ 10% tolerances. D.C. biasing voltages as actually measured are indicated 
as numbers within parentheses in the diagram. The first stage consisting of 
transistors Q1, Q2, and Q3 is a conventional design for a simple operational 
amplifier circuit. The second (Q4, Q5, Q6, Q7) and third (Q8, Q9, Q10, 

Q11) stages are the current unity-gain amplifiers and buffers. Transistor 
Q4 is basically of a common-base configuration with high input and low 
Output admittances. Q9 and Q5 are constant current sources. Resistors 
6.8K, 15K, 6.8K serve as a voltage-divider to supply proper bias voltages 
for Q4 and Q5. Q6 and Q7 are merely buffers. An arrangement like this 
is basically D. C. open-loop unstable. However, due to the negative 
feedback characteristic of the closed-loop response,this circuit as a 
whole is D. C. stable. To adjust for proper biasing voltages, one can 
close the inner loop first and vary R, to yield a zero D. C. voltage at 
woe then adjust Rob for zero output at Q11 when the outer loop is also 
closed. In the A. C. case, tuning is also quite simple. With the com- 
ponent values as chosen, R, is adjusted for an exact resonant frequency 


of uw, = 10° rad/sec. Then, Ry is adjusted to give Q = 30 as desired. 
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The gain at resonance can be varied by changing R.- Experimental 
measurement of frequency response is given in Fig. (2.19) and Fig. (2.20) 
and compared with the theoretical case. They are shown to be very close. 
Harmonic distortions at some typical frequencies are measured, and ta- 
bulated in Appendix A. 

The ability of the above circuit to resonate at a higher frequency 
with a much higher Q can be demonstrated by the next experiment. The 
objectives are 0 = 200 and f) = 200 KHz. The circuit is the same as the 
one in Fig. (2.18) except the following changes: Ry se roek) + 10. i (pot), 
Eo cud kt 100K (pot), R., = (20K # 10°K-( pet)s R mcs a = 300 pf, 


2 
of 5 pf (10%) must be added in parallel with R Adjustments are the 


same as before both in D. C. and A. C. cases. The experimental result 
is measured to be ieee to the theoretical one as given in Fig. (2.21) 
and (2.22). Averaging over six measurements gives Q = 200.27, fy, = 
200.041 KHz. Errors are 0.14% and 0.02% respectively. The resonant 
frequency is found experimentally to go up as high as around 400 KHz 
and the maximum Q around one thousand. However, due to reasons which 
will be Ae cused later, practical stable Q values are estimated to be 


limited to no more than several hundred. 


2.6.2 Experimental Second-Order Band-Pass Filter Synthesis Using A 


CUGA and Riordan's Gyrator 
The Riordan's gyrator [4] has been used by Orchard and Sheahan 


[21] for realizing floating inductors in their active filter design. 
In the same paper, this circuit has also been thoroughly analyzed with 


reference to sensitivity and noise. 
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C, = 200 pf. Also, it is found experimentally that a very small capacitor 
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The circuit as discussed in Section (2.6.1) is capable of having 
Q values of no more than a few hundred. The reason for this is that 
due to the appearance of amplifier gains in the last coefficient of the 
denominator polynomial of the voltage transfer function the normalized 


sensitivity of Me ae at resonance 1s equal to Q; i.e. 


1s, Monta ate = j1.0) ae 
Usually the gains of current amplifiers are more temperature dependent 
than other factors as a result of variations in g of transistors. These 
are the gains, for example, K,, K,> K, Ks K. in equation (2.23). Al- 
though | se | = 1.0, the resulting output wave-form as observed on the 
oscilloscope for very high Q is shifting up and down randomly in time. 
One way to get around this problem is to synthesize the filter so that 
the gains of the CUGA's do not appear in the last coefficient of the 


denominator polynomial; i.e. they are not included in the feedback 


loop. In other words, one should arrange that the gains appear only as 


a multiplying factor of the whole transfer function in the following way. 


Consider Fig. (2.23): 


out 


Figure (2.23) Very high-Q band-pass filter. 
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Straight-forward analysis yields 


Vout! Yin ee 
p* + P/CyRy + 1/L Cy 

Note that the gain of current amplifier, K, appears as a multiplying 
factor only. There are three ways to simulate the savatten combination 
of Ly» Cy» RY by using two operational amplifiers as shown in Fig. (2.24). 
Fig. (2.24c) uses most passive elements among the three, yet it has the 
desired advantages that the spread of capacitor values is unity and that 
Wo» Q of the resulting filter are independently adjustable. The complete 
schematic diagram is shown in Fig. (2.25). 

The construction of the CUGA is different from the previous one. 
Since it is used only in an open-loop fashion, one more transistor QX 
is added to stablize the circuit D. C. wise by negative feedback. In 
tuning this circuit, D. C. voltage of the output of second operational 
amplifier can be set to zero by adjusting R.. A. C. wise, one can set 
R, for an approximate value of Q; then, R is adjusted for exact w); 
finally, exact Q can be obtained by varying Ry. For actual experiment, 


the objectives are Q = 500, Wo = 104 rad/sec. Using a decade resistance 


a6) 


box, Ry is found to be 228 Ka. Results are plotted in Fig. (2.26), (2.27). 


Finally, by adjusting RY alone to get very high Q values at the same 
resonant frequency, a stable wave-form is observed at a Q of about four 


thousand. No other attempt is made to try even higher values of Q. 
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Changing the power supply voltages by as much as + 50% does not affect 


the performance significantly. Other measured data are given in Appendix 


ica 


Figure (2.24a) Simulation of L,, Cy; Bai Seo epee (ime 


pooceo- 


Figure (2.24c) Riordan's gyrator to simulate Lys oy aa Nees a a ee 


Ly = G,C/G,6,6, 5 
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CHAPTER III 


HIGH-ORDER INDUCTORLESS FILTERS SYNTHESIZED BY NEGATIVE IMMITTANCE 
INVERTERS ( NIV'S) 


3.1 BACKGROUND 

Most of the design methods available in the field of active 
filter synthesis are based on the approach of realizing second-order 
complex pole-pairs. To realize a high-order filter such sections 
would be connected in cascade. It is proved by Holt and Lee [28] 
that the circuit derived by direct synthesis of doubly terminated 
L-C filters has less sensitivity than that by cascading synthesis. 

On the other hand, the former method will normally require more 
passive and active components as a result of the ae pies of filter 
structure of high-order transfer functions. 

In an attempt to realize a high-order transfer function 
directly, one naturally starts from the passive R-L-C configuration 
chosen to meet all the necessary requirements of the design. Conven- 
tional methods of filter design are well developed, and are usually 
arranged in a convenient manner for the designers. All the necessary 
data including the final realization configuration and component values 
are generally well documented in numerous reference books such as [52] 
- [57]. One of the most complete is "Handbook of Filter Synthesis" by 


Zverev [52]. 


Given such a passive R-L-C filter configuration, the final 
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inductorless realization can be achieved by simulating all the 
inductors in the passive design by R-C and active components. Orchard 
and Sheahan [21] introduced two methods by which a high-order band- 
pass passive configuration can be rearranged to contain grounded 
inductors and negative capacitors, or , by means of impedance 
transformations, to contain 1 - sections of inductors. Two 
gyrator circuits by Riordan were connected back-to-back through a 4 
network of resistors to simulate a q of inductors. These two methods 
depended on an approximation procedure and subtraction of component 
values. The number of active devices used was no fewer than the order 
of functions. A novel method is presented in the following by which 


high-order filters can be realized with fewer active components. 


3.2 SIMULATION OF THF FLOATINC INDUCTOR BY WIV'S 

Among the various kinds of active devices, the negative im- 
mittance inverter (NIV) is found useful in realizing the floating 
inductor. A NIV is defined as an active component which has the 


following two-port open-circuit impedance parameters: 
oe et = 0) he ee 2 arse K (here Kis ‘a ‘cons tant)’. 


The types of NIV's used in this work are the reciprocal, resistive 


two-port networks as illustrated in Figure (Seb). 
G G G 


Figure (3.1) Two reciprocal, resistive NIV networks. 
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With a load of Y,, connected to one port, the other port sees an input 
admittance of its negative reciprocal multiplied by the factor G?; 
namely, Mee = Ste AY . Thus, by cascading two sections of such 
networks and a negative capacitor together one can simulate a floating 
inductor with a slight modification. 


The NIV's in Fig. (3.1) are represented by some simpler two- 


port notations as given in Fig. (3.2) where J, = G. 


Gy Gy Gx 
cam re 
<< -Gx —S sox | 


Figure (3.2) A simpler notation for NIV. 


The Y matrix derived from the circuit in Figure (3.3) is given 


by 


Y = c (S30) 
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Figure (3.3) Cascading two NIV's. 
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On the other hand, cascading an admittance Yy and an inverse-polarity 


ideal transformer with turns-ratio N as given in Fig. 


following Y matrix 


oe 


(3.4) has the 


(3.2) 


Figure (3.4) An admittance in cascade with an ideal transformer. 
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By making Y, ae erly and N= Jd,/d, the two matrices can be 
made identical. In other words, the circuits in Fig. (3.3) and Fig. 
(3.4) are equivalent two-port networks. In particular, a floating 
inductor of Yy = 1/LyP and an ideal transformer with proper turns- 
ratio is realized by putting a negative capacitor of Yy = - CYP 
between two NIV's. . The simulated floating inductance is given by 


2 2 
Ly = Cy/G, 


3.3 REALIZING HIGH-ORDFR TRANSFFR FUNCTIONS BY NIV'S 
Nth-order polynomial low-pass filters realized by conventional 
technique with R-L-C elements can be represented by the configuration 


inerrqure. (3.5) [5292 


n even n odd 


Figure (3.5) Nth-order polynomial filters. 


The floating inductors in Fig. (3.5) are to be replaced by using NIV's, 
negative capacitors and ideal transformers in accordance with the fol- 
lowing method. The four circuits in Fig. (3.6) are all equivalent two- 


port networks. 
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Figure (3.6a, b, c, d ) Four equivalent two-port networks. 


Network (a) is transformed into (b) by inserting two inverse-polarity 
ideal transformers in cascade. The dotted portion of (b) is replaced 


by the NIV's and a grounded Yy in (c). The second ideal transformer is 
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absorbed into the remaining admittance Yn by proper admittance scaling. 
At this point, it should be pointed out that voltages and currents 
associated with the remaining network N2Yp have changed polarity once. 
The same process can be applied to N*Y and its remaining one repea- 
tedly until all the floating admittances are replaced by their grounded 
negative reciprocals. In particular, floating inductors L,, L,, etc., 

in Fig. (3.5) are replaced by resistive NIV's and grounded negative ca- 
pacitors. The resulting output voltage changes sign only when there is 

an odd number of floating inductors in the original passive configuration. 
For convenience, it is simpler to assume the J's’ on each section, Ja: 


J etc., to be identical; i. e., the same positive and negative 


2? 
resistance values are used for the two NIV's in the active realization. 
Or, in other words, all ideal transformers have unity turns-ratio. Thus 
a polynomial low-pass filter of arbitrary order can be realized by means 


of resistive NIV's and negative grounded capacitors. 


3.3.1 Realizing The Negative Resistance In The NIV By 0 erational 


Amplifier 


The negative grounded resistances in the NIV can be realized by 


using operational amplifiers as given in Fig. (3.7) where Y;,= - GG./G, . 


Figure (3.7) An operational-amplifier circuit to simulate a negative 


grounded resistance. 


>i ees noni ‘vino ante espns: sost tw aed | eatuesn ott 


SEE Sma avreesd! “fenkgt yo oid At bro ybel: pnits 
me) MMOFIIS2 j 


1388 no | 


2 odd aitvens ot satin an 
guitepon bie subs tao age ond! 


8 a | TesTneet é 
AOTSBSt lean evade: bit at aia: one ond, wot beet ear 
autT ; 


oe | 


ofter-2niut ytinw aver omoame 2069, (nab 6 ato 
enean vd bast laey sd so vab0 Anbdide to ae een 


isnot pervadd: % 
ae er 


vd bors ffiso 9d née Vien sity at soontietzor sab oven oot 
NBA - Fie overlie (¥.5) 


abt Nt nevi ‘il ‘sata: 


rd 


evitepen 6 ‘See fumba og ¢ hoa oy 


et ae 


: ¥ on | : 
7 i 7 es as Ce es 
" an ae al ~ iy. 
' in rr eo <n ’ Xs 
a) Oe . f : 7 


a arte 


«hee ae 


65 


Usually one can assign G, = G, for convenience. The circuit in 
Fig. (3.7) is input conditional stable. Depending on the choice of 

Vy and Vy as the positive or negative differential input for the 
Operational amplifier, the input port can be made conditional short- 
circuit stable [50]. Stability can be investigated by assuming a 
one-pole approximation for the non-ideal model of the operational 
amplifier. The Thevenin equivalent impedance presented by the re- 
maining filter circuit and seen by each of the above negative-resis- 
tance circuits at its input port as the series impedance,determines 
whether it should be input open-circuit or short-circuit stable. 

This, though being theoretically possible, is a time-consuming process 
for a complex filter structure. As a general rule of thumb, one can 
arrange the negative-resistance operational-amplifier circuit for an 
input open-circuit stable condition with positive feedback when the 

input port sees a series impedance; and for an input short-circuit 
stable condition with dexaeive feedback when there is some parallel impe- 
dance connected to the input port. This arrangement is found suitable 


in several experimental circuits which will be discussed later. 


3.4 SYNTHESIS OF A SIXTH-ORDFR CHEBYSHHV LOW-PASS FILTER 

The synthesis procedure discussed in Section (3.3) is applied 
to realize a sixth-order Chebyshev low-pass filter in the following. 
For the design objectives of : 


Low-pass filter 
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Chebyshev 

Sixth-order 

pass-band ripple = 0.1 db 

Half-power frequency = f_3q, = 795.774 Hz (5x10° r/s), 


one is given the passive R-L-C configuration in Fig. (3.8) [52]. 


Figure (3.8) A passive R-L-C sixth-order Chebyshev low-pass filter. 


Normalized element values are : 


Rowan be 35S4, Lie OIF sey S 2u0797, VL ova T6381 


i} 
i 


C, = 2.2473, Eeag b-0044, ao 1, 2767. 


Transforming all the floating inductors into negative grounded capacitors 


by NIV's results in a circuit given in Fig. (3.9) where 
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Figure (3.9) Transformation by NIV's. 


Note that there is a sign change for the output voltage as a result 
of simulating three floating inductors. There is no impedance scaling 
due to the use of unity-turns-ratio transformers. Combining parallel- 
connected resistances and applying Thevenin's technique at the input 


port simplifies the filter circuit into a form given by Fig. (3.10). 


ie 
RAR RRs) 


Figure (3.10) Simplification of Fig. (3.9). 
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Choosing R, ~ R, = R, = 1.0 in normalized values gives the following 


values : 


Vink °-o4 Wee ig Old PUR eRe = RO eR = = 0.5, 
R 


mee 3 C, = 0.9419 , C, = 1.6581 , C, = 1.5344 


The spread of element values in this case is quite low : 

Sip = 8.1 Si = 2.4 
With magnitude scaling of 10K the final realization by operational 
amplifiers is given in Fig. (3.11). Resistors are given in Kg and 
Capacitors in nf and both are within + 1% tolerances. Operational 
amplifiers realizing negative R-C are arranged with either negative or 
positive feedback as discussed before. Six inexpensive operational 
operational amplifiers (1741c) are used including one for the buffer 
at the output. Experimental results are measured with tempera curd as 
a parameter. Measured data are very close to the expected theoretical 
response and this circuit is relatively insensitive to temperature 
variations. Results are presented in Figure (3.12), and (3.13). Other 
measurements are given in Appendix C. Tuning of this filter is quite 
simple. The input resistor ( 38.14 K ) is replaced by a variable one 
by which the correct half-power frequency is set. With no further 
tuning , the half-power frequency is measured to be f _ 3qp = 795.43 Hz 
which has the negligible inaccuracy of - 0.043 % 

The same method can be directly applied to synthesizing any type 
of polynomial filters of arbitrary order as they all have basically the 


same passive R-L-C configuration. 
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3.5 REALIZING A GROUNDED INDUCTOR BY A NIV 
Terminating the NIV with a negative grounded capacitor at one 
port gives an admittance of a4 grounded inductor at the other port, 


Py : R : 
an = G“/CP, as given in Fig. (3.14) where cree G, = G., = G. 


Figure (3.14) Simulating a grounded inductor. 


A non-ideal inductor due to unequal resistances, Gs» Gs G.> results 
in a one-port network containing three parallel-connected branches as 
shown in Fig. (3.15). For given component tolerances of + 1%, simple 
analysis of the various impedances in the three branches reveals that, 
in order to have a more accurate simulation, one should use a large 
value for the product of CR and match the values G, and G, as close 

>? R 

Practical results in the circuits to follow using two opera- 


as possible, where R is the nominal value of Ro» R 


tional amplifiers in the NIV circuit for realizing a grounded inductor 
prove that the above approximation is close enough to be used in the 


direct synthesis of high-order functions. 
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Figure (3.15) Non-ideal realization of a grounded inductor. 


3.6 SYNTHESIS OF FOURTH-ORDER BUTTERWORTH BAND-PASS FILTERS 

The application of NIV's in the synthesis of high-order poly- 
nomial band-pass filters is obvious and straight forward when a band- 
pass passive configuration is obtained from the corresponding low-pass 
one by frequency transformation. Both the floating and grounded in- 
ductors in the band-pass filter are to be replaced by NIV circuits in 
the following examples. 

A second-order, low-pass, Butterworth filter is given in Fig. 


(3.16) with a voltage transfer function of 


V 1 
PS cohen Fame n 


Figure (3.16) A second-order Butterworth low-pass filter. 
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After frequency transformation, a corresponding fourth-order band- 


pass filter is shown in Fig. (3.17), where the transfer function is 


Vy pe /@ | 
V, Pt + pw2/Q + p(2 + 1/0) + pv2/Q + 1 


where Q = 1/bandwidth. 


Figure (3.17) A fourth-order Butterworth band-pass filter. 


At this point, the methods previously discussed can be applied directly 
to simulate the floating and grounded inductors, L, and L,. After some 
simplication, one has an equivalent filter circuit as in Fig. (3.18). 
The parallel-connected negative R-L-C can be simulated by a NIV with ne- 
gative elements as shown in Fig. (3.19), where 


Yin =~ 1/0P - P/Q - 2/0. 


This circuit can be simulated by using only one operational amplifier as 


given im Figs (3ac0). 
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Figure (3.18) An equivalent fourth-order band-pass filter 


Simulation of negative R-L-C in parallel. 


Figure (3.19) 
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Figure (3.20) Simulation of parallel-connected R-L-C by one operational 


amplifier. 


For the design objectives of fy = 795.774 Hz and Q = 5.0 , the final 

active realization using only three amplifiers is given in Figure (3.21). 
Tuning of this filter is carried out by the following procedure. 

The circuit is disconnected at the point D. With reference to Fig. (3.18) 


and Fig. (3.21), the transfer function is a second-order band-pass one: 


: ~ P/CYR 


t(P : ; 
pe we PUL/C IRR - -LAGHR') + It Cy 


Thus, the resonant frequency of the first stage, Wy = WL Cy, , can be 


checked by finding the frequency for a sharp peak of resonance. The 
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Figure (3.21) Active fourth-order Butterworth band-pass filter, 


fy = 795.774 Hz, Q = 5.0 
transfer function of the second stage is given by 


P/C,R, 
Dee i ae 
= + 
eres 2 / Z ; Me / ae 


Since R, = Re , trimming the 10 K variable resistor in Fig. (3.21), 


one can adjust for the proper value of R,» by setting the poles on the 


ie 


‘ 


imaginary axis. The correct resonant frequency, iba 1//TAC. can 
be set by varying C, in Fig. (3.21). 

Resonant frequency fy and Q are measured to be ta 806 Hz 
(26%) and 0 = 4.835 ( - 3.3%) respectively. Frequency res- 
ponse and other measured data are given in Fig. (3.22), Fidsitonce ie 
and Appendix D. 

Next, an attempt is made to realize a high-Q circuit meeting 
the design objectives of wo = 5x10" rad/sec ( ty my TOS. ba Hz ) and 
Q = N1000 = 31.6228. The same design method is used and the final ac- 
tive realization is given in Fig. (3.24). 

Resistor and capacitor values in Fig. (3.21) and Fig. (3.24) 
are within + 1% accuracy of their nominal values and the operational 
amplifiers used are 1741's. 

The same procedure is carried out for tuning. The resonant 
frequency and system Q are measured to be fy =" 795 .776-Hz ( 9 0.22% i, 
Q= 31.76 ( 0.43 % ). Note that the Q measured above is associated 
with the high-order system; Q's for the individual complex pole-pairs 
may be much higher. Much higher system Q's can be achieved for the above 
filter resonating at the same frequency. By varying R" in Fig. (3.24), 
experiment indicates that one can achieve a stable Q value of about 
three hundred. However, the wave-form as observed on the oscilloscope is 
drifting by ldb when the system is set to resonate with a Q of six 
hundred. It is, therefore, estimated that the practical system Q of 
this filter is limited to about three hundred. It should be pointed 
out that, in the above high-Q settings, the resonant frequency is mea- 
sured to vary by no more than one half percent. Other measurements are 


given in Fig. (3.25), Fig. (3.26) and Appendix D. 
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Figure (3.24) An active fourth-order Butterworth band-pass 
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3.7 A TWiLFTH-ORDER BUTTERWORTH BAND-PASS FILTER REALIZED BY WIV'S 
_ The success of construction of the fourth-order band-pass filters 

discussed in Section (3.6) leads to a more ambitious attempt of synthe- 
Sis. A twelfth-order Butterworth band-pass filter using the NIV's is 
realized in the following. 

A sixth-order Butterworth low-pass passive R-L-C filter as shown 
in Fig. (3.8) is chosen from [52] and its element values are 

Re = MD y= 017680, =p 1 4t428) La = 103, 
Cia Pago lO RR rl. a1 47r Ce = 0.5076 


The low-pass filter is frequency-transformed into a corresponding 


twelfth-order band-pass filter in Fig. (3.27). 


1:0 Ly, L 33 Ls5 V2 


Figure (3.27) A twelfth-order Butterworth band-pass filter. 


The element values of the band-pass filter are 
C,, = W/L,Q . Coo = CoQ, Cy3 = I/LZQ , Ciig) = bys 
Cog = I/L.Q s Cag = €60 Pee Ey Oi a) he = L/S 
Eg Oe Ein ey Ce eee Oy bee 1/0 
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Transformation of the passive band-pass filter by NIV's results in 


a circuit shown in Fig. (3.28) with the following element values 
NE Se, x AGED 
C, G, Lis Ly 1/C, ; C, = G, LQ , 


= = us = 
Lp 1/C,, , C, G, L.Q , La = 1/C, : 


Figure (3.28) A twelfth-order Butterworth band-pass filter realized 
by NIV's. 


Using the same method as before for simulating negative parallel 
grounded R-L-C's. and grounded faatetore: One arrives at the final 
circuit of active realization as event Fig (3.29) where passive 
components are of + 1% accuracy, and in units of kK, uf, and the 
Operational amplifiers used are 1741C's. 

Tuning of this filter follows basically the same procedure as 
before. The complete filter can be broken down into six second-order 
sections, all the resonant frequencies of which can be checked to be 


about 796 Hz . It is found experimentally that by replacing the 
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series resistor of 282.8 K2 in the last section by a parallel com- 
bination of a 40 pf capacitor and two resistors of 262K+50K(variable), 
one can adjust for a correct system Q and smooth the frequency res- 
ponse around the region of the higher 3db point. Frequency response 
is) Given@in-Eage (3430) and Fig. (3.31). 

The resonant frequency and Q are measured to be 

Tommie eae soal2 (0.4357), -0.=.9 78915 (- 1.0852) 

Effects due to temperature variation are also measured and shown in the 
above two figures to be relatively insignificant. Other measured data 
are given in Appendix E. Compared with the design method of realizing 
the same filter by the state-variable technique by Kerwin, Huelsman, and 
Newcomb [6] one can save no fewer than nine operational amplifiers 


by using NIV's in this case. 
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CHAPTER IV 
ACTIVE INDUCTORLESS CAUER FILTERS 


4.1 BACKGROUND 

Among the various types of generally used filters, the Cauer 
filter may be the most effective one in providing very sharp frequency 
cutoff with relatively low-order functions. Due to its general 
structure, the Cauer filters are usually more difficult to realize by 
active inductorless design. The idea initiated by Bruton [7], [12] 
of using frequency-dependent negative-resistance element for reali- 
zation proved very effective in realizing Prariarder Cauer low-pass 
filters. This method was later extended to the case of realizing 
high-order band-pass filters by Antoniou [25]. 


Consider the operational amplifier circuit given in Fig. (4.1). 


Figure (4.1) The frequency-dependent negative-resistance (conductance) 


element realized by two operational amplifiers. 
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The positive imittance-converter-type network has an input admittance 
of Yeo 4 Wa Va¥e/VY, . This expression is derived by assuming no 
other approximations than that the operational amplifiers are ideal 
with infinite gain, input impedance and output admittance. By as- 
Signing. the various admittances to be either capacitances or con- 


ductances, two very useful elements can be realized; i.e., the 


frequency-dependent negative-resistance element (FDNR), Z(P)=Kjp- 5 
and the frequency-dependent negative-conductance element (FDNC), 
Y(P) = KyP* , where K,, K, are positive constants. These two elements 
are to be applied to the synthesis of Cauer, low-pass, and band-pass 
filters. 

A Cauer low-pass filter of arbitrary order is realized in Fig. 


(4.2) with passive R-L-C elements. 


Figure (4.2) A Cauer low-pass filter. 


The voltage transfer function remains unchanged when the admittance 


of each branch of the filter is multiplied by P (P= jw). The 
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R-L-C elements are transformed into C-R-FDNC, respectively. The 


transformed filter circuit is shown in Fig. (4.3) with symbol of 


SK 


denoting a FDNC element. 


Figure (4.3) A Cauer low-pass filter using FDNC's. 


The circuit in Fig. (4.1) can then be directly applied to realize 
FDNC elements for the transformed low-pass filter. Thus, a Cauer, 
high-order, low-pass filter is realized by using a ara number of 
operational amplifiers. 

For the direct synthesis of band-pass Cauer filters, the low- 
pass, passive configuration is re-arranged so that the input-series 
resistor disappears. This can be done in most practical cases as 
will be discussed in the next section. The standard technique of 
frequency-transformation converts a grounded FDNC element into a 
parallel combination of a resistor, a FDNC element, and a FDNR 
element denoted by the symbol . The corresponding band-pass 


filter transformed from the low-pass one by the above methods is 


given in Fig. (4.4). 
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a Bee 
Figure (4.4) A Cauer band-pass filter by using FDNC and FDNR elements. 


The band-pass synthesis is complete when the FDNC and FDNR elements 
are realized by using the circuit in Fig. (4.1). 

These methods are considered very efficient and easy to apply 
for practical filter Synthesis. A small number of active elements are 
required; e.g., only seven operational amplifiers are necessary to 
realize a sixth-order Cauer band-pass filter with sharp frequency roll- 
Offs. 

However, the realization of a Cauer, band-stop filter proves to 
be a much more difficult problem because a grounded FDNC element is 
transformed from the low-pass configuration to the band-stop configu- 
ration into a series combination of a resistor, a FDNC and a FDNR 
element. In this case, either the FDNC or the FDNR element must be 
realized in a floating manner. Two ideas were suggested by Antoniou 
[25]. The floating FDNC or FDNR element can be realized by using two 


identical generalized immittance converters in Riordan's floating- 
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inductance configuration. The other method requires a three-terminal 
gyrator terminated by the dual of the series elements which is a 
parallel combination of the three elements concerned. Both methods 
require additional active elements; furthermore, the first method 
needs identical active elements which must be critically matched. 
However, no details of these two methods are given, nor any experi- 


mental circuits are reported. 


4.2 ACTIVE SYNTHESIS OF HIGH-ORDER CAUFR BAND-STOP FILTERS 

The general procedure of realizing high-order, band-stop filters 
by active elements follows from the low-pass configuration shown in 
Fig. (4.3). The corresponding band-stop filter after frequency- 
transformation is given in Fig. (4.5), where the filter is designed 


with a series element at the input port. 


at 


Figure (4.5) A Cauer band-stop high-order filter using FDNC and 


FDNR elements. 


eae Tr 


qove~brisd , vabyo- dptit ee 0 
of aware not teyupi hina 22qewor ody tt ta 
“Yonsupert 19d +6 vedi vores ti “ qi wit “ 7 


honpiesh ef vodT i. ont ovate lB. ry 


D Ww ™ ; i a ' ik Cea ; \ ; ain 
A eae Sea On eee, ae emer enmet ©) oe at Ne opr 
ne ata} ne ; a. ae i a a? . Vl) ee MAP ree | ae OL ty ae iy He 
PANY 7 : : ; ; ‘4 a yaa ab ee ‘ a 4 a i she we : 
nyse bent op 


uk | vie ait teu wea Yabo Ard we i pee A ie | 


. daniel a Wily i. te aya) 
: ro t : - : _ 4 _ P 
i 7 - 7 a ne 
il Ag! i 
A rs 2 sand 
2 “i a i“ 
ENG | pe 
' au a) vie 
ae Bry aa / ea 
by: iy Fay oy i 


; Plies Fe es 1. eee 
ey ae Tih lidistal ee eed City ae 


The series arrangement of a resistor, a FDNC, and a FDNR element 
is to be realized by the following method. Consider the circuit in 
Fig. (4.6) where five operational amplifiers are employed. Each of 
the input admittances as seen by V5 and V, is a grounded FDNR 


element realized by two operational amplifiers in each stage; i.e., 


_ &, 636. _ 811833855 
oy Wea em and 1 te a7 
CC,P CCP 


The voltage transfer functions in these two sections are given by 


Ge V5 1 G53555, 


and -—— =] - : 
V CC V BA Bryne 


For simplicity, one can assign CC, RoR, = Cy oC RegRee = 1.0 . There- 
fore, the above circuit can be replaced by its equivalent using the 
controlled-sources representation in Figure (4.7). 


One can, then, very easily arrive at the following expressions 
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The overall voltage transfer function is, therefore, given by 
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Figure (4.6) Realization of a series combination of a resistor, a 


FDNC and a FDNR element by realizing two FDNR elements. 


Figure (4.7) An equivalent circuit to that in Fig. (4.6). 
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after the assumption is made for Gy = G, s Gry = Gi, The re- 
Sulting input admittance is given by 
5) 1 
Ne = 1-— Gy = 
2 V4 Ry/4 (p2 + 2 + 1/P2) 


which is the admittance of a grounded, series combination of a resistor, 
a FDNR and a FDNC element transformed from a grounded FDNC element in 
the low-pass case. The value of the feedback resistor, Ry, can be ad- 
justed to meet the requirement of the band-stop system Q 

An alternate method is given in Fig. (4.8) and Fig. (4.9) where 
realization of two FDNC elements by five operational amplifiers leads 
to the same final result. The same assumption is made for the time con- 
Stants; i.e., CjCc RR, = Ca3CecRooRy, = 1.0 . The input admittance 


functions seen by V, , V, , and the voltage transfer function are 


respectively 
iP =GPp-, Vere iGereny iar = ; (where Gy, =G,) , 
V4 ir 
V V 1 V 
ge erg ae ee en (where Gry 2 G4) > el - PR. 
2 ad 
V 1+P V5 
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Figure (4.8) Realization of a series combination of a resistor, a 


FDNC and a FDNR element by realizing two FDNC elements. 


Figure (4.9) An equivalent circuit to that in Fig. (4.8). 
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The overall transfer function and the input admittance function are, 


then, given by 


Ve (1- P2)* 1 = 2p? + pt 1 
TS ER aT ee ea 


Ryy/4 (p? + 2 + 1/P*) 
Thus, two methods have been presented for the realization of the 
series R-FDNC-FDNR arrangement by using only five operational amplifiers 
in each case. The final realization of a high-order, Cauer, band-stop 
filter is complete when either of the above two circuits is used in Fig. 
(4.5). The number of operational amplifiers used per each series 
R-FDNC-FDNR realization is one more than that required for realizing 
the corresponding parallel elements in the case of band-pass realization 
by Antoniou [25]. However, this extra amplifier is used to realize a 
highly stable buffer for the purpose of isolating the following stages. 
The number of amplifiers required, No» and the order of the correspon- 
ding low-pass filter, Nos are given in the following for N, between 
three and seven: N, = 3, 4, 5, 6, 7 corresponding to N, Ei ecb ne alee 
18, 18 respectively. It is, therefore, more economical to realize the 


band-stop filter with odd number of orders for the corresponding low- 


pass case. 
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4.3 REALIZING A SIXTH-ORDER CAUFR BAND-STOP FILTER 

An experimental circuit using one of the methods discussed in 
Section (4.2) is constructed in this section to illustrate the 
technique of synthesis. The problems were encountered by a local company 
where a voice channel carried frequency shift keyed (FSK) information 
as well. In order to filter out the FSK signals at frequencies of 
2100 Hz and 2300 Hz , a band-stop filter of sufficiently sharp 
frequency-cutoff characteristic is needed. The filtering of the 
Signals with frequencies between these two did not reduce the effec- 
tiveness of the voice channel appreciably. 

A sixth-order, Cauer band-stop filter was chosen with the two 
zero frequencies falling at 2100 and 2300 Hz . A corresponding 
third-order low-pass filter was chosen from page 1/79 of £52] as shown 
in Fig. (4.10) with a pass-band ripple of 1.25db and a minimum 
attenuation of 30db in the stop-band. The center frequency was 


f = 2197.7 Hz and the system Q was 5.587. 


L,(0-7771) 


C, (19602) 


Figure (4.10) A Cauer third-order low-pass filter. 
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This filter with an equivalent transfer function but a zero input 


resistor is shown in Fig. (4.11). 


Figure (4.11) An equivalent circuit to that in Fig. (4.10). 


The condition that must be satisfied for the component values to be 
positive in the equivalent circuit is C? > Lic, {where C, = C, = C) 


This condition is found to be satisfied by most filters contained in 


[52]. The component values are given by R= 2.0 , Ls = 2,8691953015, 


Lo = 0.486981571681, C,. = 0.530905449066, L,, = 1.8283046985. The 


2 
transformed circuit has twice the output voltage at low frequencies as 
compared to the original one. Multiplying the admittance of each branch 
by P (where P = jw) results in an equivalent circuit containing a 
grounded FDNC element as shown in Fig. (4.12). 

The low-pass filter is further transformed into a band-stop one 


as shown in Fig. (4.13) by applying the standard technique of frequency 


transformation, 7.e., 
1 
Q(P + 1/P) 
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Figure (4.12) 


element. 


The equivalent low-pass filter containing a FDNC 


Figure (4.13) 


A sixth-order Cauer band-stop filter. 
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The FDNC element, Y, = Cine » 1s transformed into a series R- 
FDNC-FDNR combination, the impedance of which is given by 
ea Q? 


F 2) OI AN ae, SO 
Zt= Re AylgPe + ae a + hie + ; 
B 22 Coo Co oP 


The grounded inpedance Z, is to be realized by using the second 
method containing FDNC elements as discussed in the last section, and 
the grounded inductance of 2Q by NIV's. The final circuit reali- 
zation using only eight operational amplifiers is given in Fig. (4.14). 
Measured data are very close to the theoretical ones: To = 2183 AZ 


(- 0.67 %); two zero frequencies LT 2083-(="0=814%)., = 2286 


fp 
(- 0.61 %); magnitude response is - 31.6db at f = 2300; Q = 5.55 

(- 0.673 %). Other details of measurement are given in Appendix F. 
Capacitor and resistor values are of + 1% accuracy and in units of 
nano-farads and kilo-ohms. The amplifiers used are 1/741C's. Frequency 
response with respect to temperature variations is plotted in Fig. 
(4.15). Measured data as compared to the theoretical response indicate 
that the objectives of design have been fulfilled and the filter per- 


formance is relatively insensitive to temperature changes. 
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CHAPTER V 
CONCLUDING REMARKS 


5.1 CONCLUSIONS 

Two approaches to the synthesis of inductorless active filter 
Synthesis have been discussed in this dissertation. Various methods 
are investigated to realize a second-order voltage transfer function 
using unity-gain amplifiers. Sensitivity to parameter variations in 
most cases is minimized. Some experimental prototypes using transistors 
and operational amplifiers are built according to the proposed theo- 
retical schemes of design. Results obtained for narrow and very narrow 
bandwidth are shown to be very close to the theoretical ones. The 
Riordan's gyrator is found suitable for realizing a grounded inductor 
in the case of very high-Q requirements. 

Extensive use is made of the resistive negative-immittance- 
inverters to replace floating inducters in the direct approach to high- 
order-function synthesis. The design procedure is a general one appli- 
cable to all polynomial types of filters. The problem of realizing 
Cauer band-stop filters is solved by using only five operational ampli- 
fiers to simulate a series combination of a resistor, a frequency- 
dependent negative resistance, and a frequency-dependent negative-con- 
ductance element. The fact that relatively low-cost operational ampli- 
fiers are used in the practical constructions indicates that the design 


methods are not critical at all. The methods proposed are very economical, 


106 


tet fit svttos eesfyossubat te to. atesdtays ot. ot i fio 
chortan eupixe’ .nohtsivezeth 2piit nt bseouaeib asd oved ante 
Wottoaut vePenswd apet lov vabre-bdease & sattbey oF waits 
nt enorisiisy wa¥snigvsy, o7 witersiandl -erottttqins 
e(otelanayd paiew eaquletorg fetnantisqxe smoe Lbostiitatn 
“Gh Ssengenq off of pepbyaaDS airae gies ett hgtie Min af . 
worst YeSy bis woven vo? bantetds ie -Mohaab ¥0 fanaa 
317 cane Isohtovosit ody os Szofs yee ‘0 oF muons sn8. 
‘otoubat leoruerp 6 prTsrleer tot ef abit aa 2 “OSE uS wok 


oe 


Sad t Tat -~90 ts apen ov theta ott 4a aide et se 9 


“hpid, od Masovdds Joey ott nt patel wnkteoty neon os 
“tage ono fevanae 6 2 siubsoe » .2heantaye Nor 


enrs theay Ae nest dong ott ponies 29qNF Tstinony fog its a 
~t{ qi08 innate avy vite vata ya tere ef 2naghtt gode-tnad 


-nop+ovriaper: patel 2D. mis Ps ‘ona ceonaretaon + yan tnsbrageb 
-Fiqne (edotteysgo 4202-nal Misviasten vst dost “oat aot sonetoub 
nptasd oat yady sadaatbnt amotezextemns wa Jon odd at boou sv erst a 
.Tastmohione vray o¥s bazoneg, zhowtsm 547 Tis vs | Tesitsa9 ton aera, ee 


as only a small number of active devices are required. Temperature 
variations are found to be relatively insignificant in the perfor- 
mance of the high-order filters realized by these methods. Thus, 
direct filter synthesis is possible in integrable, hybrid, or dis- 
crete forms. 

It is, therefore, concluded that in the audio frequency range 
it is practical and economical to solve the problem of filter synthe- 
sis by the proposed inductorless active arrangements using either the 
approach of cascading second-order realizations, or that of direct syn- 


thesis. 


5.2 SUGGRSTIONS FOR FURTHER RESEARCH 

In the practical realization by integrated-circuit frabrication, 
improvements can be found in the circuits using state-variable technique 
and grounded-inductor simulation discussed in Chapter II if one can 
construct the unity-gain amplifiers by using NPN transistors only. High- 
quality PNP transistors are usually more difficult to fabricate in in- 
tegrated form. 

Direct synthesis of high-order filters, using linear active 
devices, and possessing desirable properties of independently adjustable 
center frequency and Q _ by varying some resistances is certainly an 
area that calls for further research in the near future. This will not 
probably be achieved by using more amplifiers. However, due to the 
trend of continuous reduction in costs of operational amplifiers in 


integrated forms, the penalty one pays for using more active devices 
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will not be severe. 
In addition, research in active filter synthesis should also 
be directed towards the goal of a higher frequency range of operation. 
This probably calls for design techniques that will solve the problem 
of stray capacitances in both the passive and active components. Com- 
pensation techniques may be found to take care of the problem of phase 
shift introduced in the active devices for high frequency cases. 
However, the design objectives for filters will continue to be 
a relatively high stability margin, low sensitivity to active and 
passive components and temperature variations, the use of canonic numbers 
of capacitors, low spread of passive element values, the use of non- 


critical active devices, and high useful dynamic range. 
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APPENDIX A 


Realizing an Inverse-L and a q of Inductors 


In synthesizing high-order polynomial band-pass filters 
transformed from the corresponding low-pass ones, one has to realize 
sections of inductors in the shape of an inverse-L. The short- 


circuit admittance parameters derived from the networks, shown in 


Fig. (A.1), are identical as given by 


Figure (A.1) Realizing an inverse-L of inductors. 
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1 
C, = 4CK (1+—) , where ee 
2K 


This circuit has been used to realize a fourth-order, band- - 
pass, Butterworth filter for @ = 5.0 , ie 5x10° rad/sec . Due 
to the great difference in magnitude in the order of Q* between L, 
and L, , the filter was found sensitive to passive component values 
and was shelved, although other conditions such as stability were 
satisfied. However, this circuit may find application in a design 
where approximately equal values of L, and L, are required. 

The simulation of a of inductors will be illustrated by 
the following two methods. It will find application at least in 
Orchard and Sheahen's design [21] where high-order Cauer band- 
pass filter can be realized by synthesizing sections of f's_ of 


inductors. 


The two two-port networks as shown in Fig. (A.2) are equivalent 


with their short-circuit admittance parameters given by 


Y ei a) es, = G vila ee 
ro Mees Gia Gee ee ca yee bee 
aa 
pene 
Oe a oi Bk Vic criss Yaar Meta png a 
gor ene a ee ; Oe Sipepmen et aati 
CP GG, G, GC, Bch eee 
1 
L,P 
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Figure (A.2) 


Ce= Cy = LyG°K(1 +:1/2K) 
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Realizing a of inductors. 
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The second method which makes use of the resistive NIV can 


be illustrated by the two equivalent two-port networks as shown in 


PAQie eA Se 


(1:1) 


Figure (A.3) Realizing a 1 of inductors and an inverse-polarity 


ideal transformer by NIV's. 


The short-circuit admittance parameters are given by 


1 1 1 1 
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APPENDIX B 


Realizing a Second-Order Polynomial Band-Pass Filter 


The circuit in Fig. (A.4) yields a voltage transfer function 


of 


V, P/CR 
—— = ———————-_ , where L = cR,? 
V, p*+ P/CR + 1/LC 


Figure (A.4) A second-order polynomial band-pass filter. 


The output can be taken from V,.4 = 2V.,for isolation purposes and the 
filter has the advantage of independent adjustments of Q and We by 


trimming two resistors. 
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APPENDIX C 


Harmonic Distortions of Filter Using State-Variable Technique 


The percentage harmonic distortions of the second-order 


band-pass filter with Q = 30, wo = 10° rad/sec at some typical 


frequencies are measured by a DONNER'S Wave Analyzer (Model 2102) 


as below: 

a = bat = - 20 dbm at resonance 
harmo- center freq. lower 3db point 
nics 

second third second third 
(oe 0.055 0.02 0.075 0.03 
vat | 0.063 0.03 OZ Oe 

Vo = Vin = - 1.85 dbm at resonance 

i 0.094 0.034 0.093 0.045 
| 0.24 0.036 On lO7 0.07 


higher 3db 


second 
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APPENDIX D 


Measured Data of Very High-Q Band-Pass Filter 


A) The following data are taken for the specifications of Q = 500, 


( 
f. = 1.5917 KHz. 


0 


(1) 


(9) 


(B) Two measurements for very high-Q values are recorded by 


f, = 1.5917 KHz, 


lower 3db point, ff = 1.5901 KHz, 


higher 3db point, f, ={1,.5933 KHz 


Q = 497.4 (- 0.52%). 


fy = 1.5916, 1 = 
fae Bebo 19 | fies 
0) q 

f teF e5916¢ f = 
0 1 

5 ='1.5917, fale 
i =)155919, ah = 


After four hours of 


fy = 1.5916, f, = 1.5900, 


125901 5 Bs 
1.5901, f, 
159014 Le 
1.5901,  f, 
P20. ic 


iT} 


KY59 33% 
19938", 
be 59336 
Posen 
lage) Se 


continuous operation; 


Power supply is switched off and 


fy e1.5917, ir ey. 30099), f,, 


The circuit is turned on next day, after warming 


a few minutes; 


ie = P59 16y | tbeet.o70ay” ) f 


Ve (resonance) = 


Z 


i Sel aoaais oy ae 


on, 


= 1.5934, 


7.59314 


497.4 
497.4 
497.4 
497.4 
497.4 


497.4 


497.4 


up for 


497.4 


varying 
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Both f, and f, are measured twice to be the same as. 
those above, wave-form is very stable with no drifting at 
all. 
(C) Measurements of Q and f, when power supply voltages (V" and V7) 
vary. 


(1) After measurement (B), filter is reset to have 


ieiooL2: 
f, = 1.5928, 
Foie 15896. 
Q = 497.25, 


which are measured twice at 
+ 

V = 14.99 v, 

v = - 14.99v . 
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V =~ 16.49 ( =510%) ; 
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AQ 
— = 07 
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(4) v" = 16.48 (10%), 


= 215449 (40%), « 
1.5911 
Q = ————_--——. = 513.26, 
1.5008 - 15897 
Afo 
ie = . $0063 & 
@) 
AQ 
Se 3 
Q 
(5) v" = 13.49 (- 10%), 
De je 48 40 Caey) 
1.5914 
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APPENDIX E 
Measurements of Sixth-Order Low-Pass Filter 


(A) Measuring the 3db point in Hz ; 


when Voyt = 15 dbm (at low freq.) 


Van = Sseudbm . 
for ve =it5 v ‘ 
\ lea rea any eo ae 


six data are taken for the 3db point as below 
f cet kg 799.4, M7965: VISTA) OSG Gg Oe om LO SOs 
aheretoges (oa, = )/9924533 4 = 0.04272" ) on the vaverage: 
(B) At different drive levels ; 


C1) Vout = 5 dbm fat VOW red iy Va = 0. o eabitts 


ie -~3db = 79513). 

(2) Vat = -.5 dbm (at low freaq.), UES ia 10.5 dbm, 
f -~3db = 19525 

(C) Variations in power supply voltages when 
Voue > loebm (at low freq.), Vi, = 9-9 dbm; 

iyi Wee 2 un Whos OOhy., 
oi -3db = 795.4. 

(OWrd ent, NE eee nOey 
CO eee eey 

(ican eionye “Sse Zou. 
fs -3db = 795.3); 

(AX) Os ee | ie ee 


eer. meee 


ee 
LD) ee, © 
ia 


(poh wi oh ini a at me 


EOL Md, Aceh "7, an eo . ic 
4 8 


a, Bey eeey) 2) get P-22K, ba eet: 208 a 
gnstews. sHF te) ( Krsna, a - i cee. 2et 


at 
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| _ robes aes | : y 
+ an add 3 ie (sport wi 8) ob &F * sug | 
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(D) 


(E) 


The maximum drive level before the output amplifier saturates; 


V 


pub Le oP (6.1 v RMS), 


V 12 dbm (3.3 v RMS). 


in 
D.C. power consumption; 

with maximum drive level as in (D), 

Power = 0.45 watts which includes power supply to the first 
buffer stage. 

Ripple in the pass-band is observed to be approximately 0.1 db. 
At Tempe. 70°C 158°F), 

ei lla ie aL 4 ( - 0.558% ). 
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APPENDIX F 


Measurements of Fourth-Order Band-Pass Filters 


(A) The following data are recorded for a band-pass filter of Q = 5, 
fo. = /99ed/4)Hz. 
(1) Maximum drive level before the first amplifier saturates is 


V 


aut 9.2 v (P-P), 


V = 6.8 v (P-P). 


in : 
(2) Frequency response in magnitude is plotted for 


vont = 8 dbm, 


ve = 4.8 d-m. 


(3) Center and half-power frequencies; 


f, = 718.3 Hz, 
f, = 885.0 Hz 
f,. = 806 Hz (1.26%), 


Q. = 4,835..(-3:3%). 
(4) D.C. power consumption; 
with input at maximum amplitude and without input signal, 
Power = 0.2/0 watts 
which includes the power supplied to the buffer stage. 
(B) The following data are recorded for the same filter but with 


Q = 31.33. 
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(2) 


Center and half-power frequencies; 


f (Hz) f (Hz) f, (Hz) 
794.2 808.5 783.5 
794.1 808.4 783.5 
794.0 808.4 783.4 
794.1 808 .6 783.4 
793.9 808.5 783.4 
794.0 808.5 783.4 


. (average) = 795.776 Hz (-0.217%) , 
Q (average) = 31.76 (0.43%). 


By varying R" only, several higher Q values are recorded; 


V93c/ 
ye eS 
1975 e= 79073 
The \a! 
Q., = COO es 
797 - 794.2 
| Ticlewal| 
Q. SS a ee eee ES 568.4. 
796.5 = 795.1 


However, at measuring Q.> the output wave-form may drift 
about ldb at resonance, but the half-power points are 
quite stable. 

Maximum drive level is 

V = 1.9 v (P-P) = - 0.6 dbm, 

1.3 v (P-P) = - 4.7 dbm. 


= 
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(4) D.C. power consumption is 0.255 watts at resonance 


or = - 6.4 dbm), or 0.241 watts for no input signal. 


- je Toh 
! po ; 


fi 
" f 


: 


4 


Wy he 
en ire Fs iin 


135 


APPENDIX G 
Measurements of a Twelfth-Order Band-Pass Filter 


(A) Frequency response in magnitude is plotted for 
Meret is ee dbm, 
V = 0 dbm, at resonances. 
Out 
(B) Resonance is defined to be the case when Vo, and V;, are 


exactly 180° out of phase. 


(C) Center and half-power frequencies ; 


fF CHz) (Hz) f, (Hz) 
799.3 841.0 760.2 
799.0 840.9 760.2 
799.2 841.0 760.1 
799.3 841.0 760.2 
799.3 841.0 760.2 
799.3 841.0 760.2 


f, (average) = 799.233 Hz (0.435%), 


Q (average) = 9.8915 (-1.085%). 
(D) Different drive levels; 

Van = - 10 dbm, 
fo 


799.3 Hz (0.44%), 


1993 
= ——___—_—_ = 9.88 (-1.2%). 


841.1 - 760.2 


ae 


re 


V.. = - 20 dbm, 


in 
De = 799.3 (0.44%), 
1993S 
= ———_____—- = 9.88 (-1.2%) 
841.1 - 760.2 


Variations in power supply voltages; 


Vout (dbm) | 0 =110 = 10 10 
yt 20 20 10 10 

Vv" - 20 ge =20 >110 
fo 799.8 798.8 799.8 798.8 
Af, (%) 0.503 0.38 0.503 0.38 
te 841.3 840.7 841.8 840.8 
B 760.8 759.5 760.8 759.2 
0 9.94 9.84 9.87 9.8 
AQ(%) - 0.6 - 1.6 m3 = 1200 


Maximum drive level is 

Vi, = 6.8 dbm (4.8 v P-P). 

D. C. power consumption; 

with maximum Mies and without input signal 

Power = 0.555 watts (including power supplied to the buffer stage). 
For Temp. = 70°C (150°F); 

if the same zero DB line on the graph for 


tT =e22°U-15 used, 
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799 .233 
Q = ——__—__= 10.28 (2.87); 
842 - 764.3 


if one uses (- 0.5 db) as the zero DB 


799 .233 
Oe 2 'g'.9904 (- 0.096%) 
843 - 763 


reference, 
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APPENDIX H 
Measurements of the Sixth-Order Cauer Band-Stop Filter 


(A) Maximum drive level is 
Ge = @ DISC VIAREP ) : 

(B) D. C. power consumption is 
0.765 watts for maximum drive level at the stop-band, and 
0.517 watts at the pass-band or without signal input. 


(C) Different supply voltages; 


fovea = LO Wee Ve re 10 
i = Zhou Hz (=) 04 14%), 
Fh = 206eHz (07). 


fz = 2284 Hz (-0.092%), 
5.56, (= 096737) 5 


Fan) 


minimum attenuation is 31.3 db; 


for Vt = 18 v, Mier ncens 
fy = 2183 Hz (0%), 

f, = 2083 Hz (0.048%), 

f, = 2289 Hz (0.13%), 


Ob tS 55a (bss 

minimum attenuation is 31.0 db. 
(D) D. C. offset voltage at the output is 28 mv. 
(E) For Temp. = 45°C (113°F); 
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(F) 


f, = 2175 Hz (- 0.37%), 
f, = 2084 Hz (0.048%) 
f, = 2289 Hz (0.13%), 
Q = 5.5203 (- 1.2%). 


For T = 70°C(158°F); 
oe '=' 9173 Hz (- 0.46%), 


f= 2090 Hz (0.34%). 
f, = 2296 Hz (0.438%) , 


5.49 (-1.45%). 


SO 
It 
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APPENDIX I 


Experimental Apparatus 


Voltmeter: H. P., VIVM Model 400D 
Digital Multimeter: Fairchild, Model 7000 
D. C. Power Supply: Harrison, Model 6205A 
Oscilloscope: Tektronix, Type 546 
Signal Generator: H. P. Model 202C, 209A 


Digital Frequency 


Counter: G. R., Type 1151-A 
Temperature Chamber: Delta Design, Model MK 6300 
Impedance Bridge: G. R., Type 1650-A 


Harmonic Distortion 


Analyzer: Donner, Model 2102 


In measuring effects due to temperature variations, only the 


filter circuit board was left inside the temperature chamber. 


fa ; 


Pee} 


ae totem saree 4 
AAO Febolt, poeta 


ate SOE eahnontet ) \ aby Pat 
AGOS: ISOS Fobom 4 ca mew 


Ateet ‘eayT 4 A cy . a 
Ones 3M labo snp eaM) sist 


A- dat equ eo c 


SIS Fabel), daniiog 


Pera an cont 


we 

By oP oy 
‘ fay 

; i 7 


APPENDIX J 


Operational Amplifier 741C Specifications 


absolute maximum ratings 


Supply Voltage LM741 
LM741C 
Power Dissipation (Note 1) 
Differential Input Voltage 
Input Voltage (Note 2) 
Output Short-Circuit Duration 


Operating Temperature Range LM741 
LM741C 


Storage Temperature Range 


Lead Temperature (Soldering, 10 sec) 


+22V 
+18V 

500 mW 

+30V' 

+15V 

Indefinite 
-55°C to 125°C 
0°C to 70°C 
-65°C to 150°C 
300°C 


electrical characteristics (Note 3) 


PARAMETER 


Input Offset Voltage 
Input Offset Current 
Input Bias Current 
Input Resistance 
Supply Current 


Large Signal Voltage Gain 


Input Offset Voltage 
Input Offset Current 
Input Bias Current 


Large Signal Voltage Gain 


Output Voltage Swing 


Input Voltage Range 


Common Mode 
Rejection Ratio 


Supply Voltage 
Rejection Ratio 


CONDITIONS 


T, = 25°C, Rg < 10k22 
Ta 725°C 
Ta, = 25°C 
Tia = 2506 
Ta = 25°C, Vg = t15V 


Ta = 26°C, Vg = t15V 
Vour 7 t10V, Ry > 2k 


Rg < 10kQ 


Vs = $15V, Vout 
RL >2k8 


*10V 


Vg = t15V, Ry = 10k82 
Ry = 2k 


Vs= +15V 


Rg < 10k32 


Rg < 1092 


LM741 


LM741C 


ORT a a 


Note 1: The maximum junction temperature of the LM741 is 150°C, while that of the LM741C is 
100°C. For operating at elevated temperatures, devices in the TO-5 package must be derated based on 
a thermal resistance of 150°C/W, junction to case. 


Note 2: For supply voltages less than +15V, the absolute maximum input voltage is equal to the 


supply voltage. 


Note 3: These specifications apply for Vg = +15V and -55°C < Ta < 125°C, unless otherwise 
specified. With the LM741C, however, all specifications are limited to O°C < Ta < 70°Cand Vg =#15V. 
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